The softening mechanism of unhydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloy and Ti-45Al-5Nb-0.8Mo-0.3Y alloy with 1.5 at.% hydrogen addition was investigated in the temperature range between 1000 and 1200 °C and the strain rates of 0.01 and 0.1 s -1 , carried out on the Gleeble-1500D thermomechanical simulation system. The results showed that the flow stress of the hydrogenated alloy was lower than that of the unhydrogenated alloy. As deformed at 1200 °C and strain rate of 0.01s
Introduction
TiAl-based alloys have become the focus of attention as potential light weight high temperature materials for aircraft and automotive industries because of their attractive specific strength, low density, good resistance to oxidation, excellent creep properties, etc. (Kim et al., 1992; Goral et al., 2009; Gupta et al., 2013) . However, that covalent bond and metallic bond coexist in such alloys makes them show ceramic properties, namely poor ductility and fracture toughness which are the main barriers to their plastic deformation (Kim et al., 1992) . Additionally, TiAl-based alloys containing lamellae present better fracture toughness and creep properties, but coarse lamellae are detrimental to plasticity (Kim et al., 1994) . Many researchers have found that hydrogen as a temporary alloying element could significantly enhance hot formability, which was so-called thermohydrogen treatment and was successfully applied to titanium alloys and Ti 3 Al-based titanium aluminides (Senkov et al., 1999; Zhang et al., 1997) . Recently, thermohydrogen treatment has been used to improve the hot workability of Ti-Al binary alloys (Liu et al., 2011) , which showed that peak stress of Ti-47Al alloy could be reduced by about 33.3% and deformation was more homogeneous with 1at.% hydrogen addition deformed at 1150 °C and strain rate of 0.01 s -1 . Nevertheless, so far, few studies have been done on application of thermohydrogen treatment to the TNB (abbreviation for high Nb containing TiAl alloys with a baseline composition of Ti-(42-45)Al-(5-10)Nb-X ) alloy with a nominal composition of Ti-45Al-5Nb-0.8Mo-0.3Y (in at.%). Therefore, in this paper, effects of hydrogen on high temperature softening mechanism was systematically investigated.
Experimental procedure

Materials
The experimental material with a nominal composition Ti-45Al-5Nb-0.8Mo-0.3Y (at.%) was fabricated by induction skull melting (ISM) technique, using spongy titanium (>99.6%), high purity aluminum (>99.999%), and Al-Nb, Al-Mo and Al-Y alloys. An ingot was obtained with dimensions of 130 × 240 mm, which was subsequently hot isostatic pressed at 1250 °C for 4 h under a pressure of 170 MPa and then annealed at 1320 °C for 8 h. Cylindrical billets were cut from the ingot by electric-discharge machining and mechanically polished, and finally specimens with dimensions of 8 × 12 mm were gained.
Thermohydrogen treatment and isothermal hot compression
Specimens were hydrogenated by holding them at 700 °C for 2 h in pure hydrogen atmosphere with the pressure range 0.05-0.1MPa, and then were air-cooled. The hydrogen content of specimens was determined by weighing the specimens before (m 1 ) and after (m 2 ) hydrogenation using high-accuracy scale accurate to 10 5 g, and the hydrogen content is gained by (m 2 -m 1 )/m 1 . When converted to atomic percentage, the specimens were hydrogenated to 1.5at.%. The unhydrogenated specimens were also soaked at 700 °C for 2 h in vaccum, and then were air-cooled. The unhydrogenated and hydrogenated specimens were isothermal hot compressed on a Gleeble-1500D thermomechanical simulation system in the temperature range 1000-1200°C, with the strain rate range 0.001-0.1 s -1 . The total engineering strain in height of every specimen was 50%. Prior to compression, two ends of every specimen were coated by graphitic lubricant to reduce friction. Specimens were immediately quenched after isothermal hot compression to retain their high temperature microstructure which was subsequently observed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Fig. 1 shows the SEM micrographs, EBSD maps (with scanning interval of 1.2 m) and TEM micrographs of the unhydrogenated and hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloys before high temperature deformation. It can be clearly seen that the morphology of microstructure does not vary remarkably after hydrogenation. Both the unhydrogenated and hydrogenated alloys consist of lamellar colonies with mean grain size of approximately 120 m, and the mixture of and B2 phase grains distributing along lamellae boundaries. As shown in insets Fig. 1a and b, lamellae comprise lath-like and 2 phases, and B2 phase, with average lamellar spacings of 368 and 336 nm in the unhydrogenated and hydrogenated alloys, respectively. In lamellae, lath-like phase and B2 phase precipitated from + transformation (Takeyama et al., 2005) . Additionally, the orientation relationships of (0002) 2 //{110} B2 //{111} and <1120> 2 //<111> B2 //<110> or <101> have been reported in references (Zheng et al., 1992; Inkson et al., 1993) . The B2 phase along lamellar colonies derived from the process of disordered phase converting to ordered state, and subsequently phase precipitated from /B2 phase during cooling resulting in the mixture of and B2 phase grains along lamellar colonies . calculated phase fractions as a function of temperature for a TNM alloy with a nominal composition of Ti-43Al-4Nb-1Mo-0.1B (at.%) and revealed that under approximately 950°C, the phase fractions of B2 and 2 phases decreased and that of phase increased with decreasing temperature. As shown in Fig. 1c and d , there is 8.5% B2 phase in the hydrogenated alloy, whilst 3.1% B2 phase in the unhydrogenated alloy. Although a 2 and B2 phases in lamellar colonies can hardly be detected by current EBSD measurements with scanning interval of 1.2 m, the content of B2 phase in lamellae obviously increases due to hydrogen addition comparing the inset in Fig. 1a with that in Fig. 1b , which contributes partly to the decrease of the average lamellar spacing of the hydrogenated alloy. Thus it can be supposed that H as a -stabilizing element makes more B2 phase retained during cooling, which leads to the decrease of the average lamellar spacing of the hydrogenated alloy compared with that of the unhydrogenated alloy to some extent. Fig. 2 shows the true stress-strain curves of the unhydrogenated and hydrogenated Ti-45Al-5Nb-8Mo-0.3Y alloys. It indicates that the flow stress of the unhydrogenated and hydrogenated alloys decreases with increasing temperature and decreasing strain rate. All true stress-strain curves are the single-peak flow curves, that is flow stress decreases rapidly after the peak stress, which is indicative of dynamic recrystallization (DRX) (Dieter et al., 1989) . It has been reported that the main softening mechanism of TiAl alloys is DRX (Millett et al., 1993; Beddoes et al., 1994) . The peak stresses of the hydrogenated alloy are lower than those of the unhydrogenated alloy. As deformed at 1200°C and strain rate of 0.01s -1 , the peak stress of the hydrogenated alloy is decreased by 25.31% compared with that of the unhydrogenated alloy. Fig. 2 . True stress-strain curves of unhydrogenated and hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloys at strain rates of (a) 0.1 and (b) 0.01s -1 .
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The EBSD results (with scanning interval of 0.35 m) of the unhydrogenated and hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloys are shown in Fig. 3 , including phase composition, grain-boundary misorientation angles and grain orientation spread maps. In general, the stacking fault energy of TiAl based alloys is much low, especially for TNB alloys, because the stacking fault energy is further reduced by high Nb additions (Clemens et al., 2000) . It has been reported that the main softening mechanism of TiAl alloys is DRX (Millett et al., 1993; Beddoes et al., 1994) . High-angle grain boundaries (HAGBs) are generally caused by dynamic recrystallization and grains coarsening through consumption of neighboring grains, while LAGBs are normally the features of substructures generating during deformation (Niu et al., 2011) . Due to the barriers of lamellar interfaces, dislocation pileups readily occur resulting in formation of sub-boundaries. Additionally, recovery of heavily deformed -phase grains also leads to sub-boundaries. In grain orientation spread maps, the regions covered by colors with high values mean large lattice distortion and vice versa (Niu et al., 2012) . Comparing with Fig. 3c and d , it is obvious that HAGBs prefer to accompany DRX regions with small lattice distortion. The contents of region with small lattice distortion in the unhydrognenated and hydrogenated alloys are 61.4% and 67.3%, respectively, indicating that DRX is the main softening mechanism for both the unhydrogenated and hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloys, which is in good agreement with the conclusions by analyzing the true stress-strain curves. Liu et al. (2010) reported that hydrogen caused a decrease in stacking-fault energy of the Ti-47Al alloy improving the DRX. So, hydrogendecreased stacking-fault energy is probably one of important reasons for more DRX region in the hydrogenated alloy.
Experimental quasi-binary section through the TNM alloying system (Ti-xAl-4Nb-1Mo-0.1B) was studied (Schwaighofer et al., 2012) , showing that for Ti-45Al-4Nb-1Mo-0.1B alloy, the transformation pathway could simply be expressed as L C 1167 2 +B2+ . For the present Ti-45Al-5Nb-0.8Mo-0.3Y alloy, the temperature of + 2 +B2+ 2 +B2+ transformation is about 1170°C according to DTA results, which is well consistent with the results reported (Schwaighofer et al., 2012) . Thus, the Ti-45Al-4Nb-1Mo-0.1B alloy deformed at the temperature of 1150°C is supposed to be within the 2 +B2+ phase region. For a TNM alloy with a nominal composition of Ti-43Al-4Nb-1Mo-0.1B (at.%) , has reported that within the 2 +B2+ phase region the phase fraction of B2 phase increased and that of phase decreased with increasing temperature, and meanwhile above approximately 950°C the phase fraction of 2 phase decreased with increasing temperature. The increase of B2 phase and decrease of and 2 phases contribute partly to the flow softening for both unhydrogenated and hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloys, because B2 phase provides more slip systems compared with 2 and phases and B2 phase encompassing the lamellar colonies can facilitate grain boundary sliding and rotation, acting like a lubricant to improve plastic compatibility and reduce incompatibile stress concentrations (Kim et al., 2007) .
The unhydrogenated alloy comprises predominant phase with a fraction of 87.5%, B2 phase 10.3%, and 2 phase 2.2% (Fig. 3a) . In comparison, the hydrogenated alloy possesses more B2 phase (16.3%), and less 2 (just 0.3%) and (83.4%) phases, as shown in Fig. 3b . As a B2-phase stabilizing element, hydrogen promotes the precipitation of B2 phase with increasing temperature. Meanwhile, fewer low-angle grain boundaries (LAGBs, 2-15°) are present in B2 phase compared with phase because recrystallization and phase transformation during high temperature compression consume remarkably the strain energy to reduce the dislocation density, which leads to uniform and harmonious deformation. Overall, B2 phase plays a significant positive role in the high temperature deformation of the Ti-45Al-5Nb-0.8Mo-0.3Y alloy, by means of good intrinsic high-temperature plasticity, dynamic recrystallization and promoting grain boundaries sliding and rotating. Hydrogen effectively increases the content of B2 phase, which is partly responsible for the lower flow stress of the hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloy compared with the unhydrogenated alloy. 
Conclusions
(1) The flow stress of the Ti-45Al-5Nb-0.8Mo-0.3Y alloy with 1.5 at.% hydrogen addition is lower than that of the unhydrogenated alloy. As deformed at 1200 °C and strain rate of 0.01 s -1 , the peak stress of the hydrogenated alloy is decreased by 25.31%, which is principally attributed to hydrogen-induced dynamic recrystallization and hydrogen-increased B2 phase.
(2) DRX is the main softening mechanism for both unhydrogenated and hydrogenated Ti-45Al-5Nb-0.8Mo-0.3Y alloys. The region (67.3%) comprising B2 and phase DRX grains in the hydrogenated alloy is bigger than that (61.4%) in the unhydrogenated alloy deformed at 1150°C and strain rate of 0.01s -1 , indicating hydrogen promotes DRX of the hydrogenated alloy.
(3) The content of B2 phase increases with increasing temperature for both unhydrogenated and hydrogenated alloys, which softens alloys to some extent. As a -phase stabilized element, hydrogen further increases the content of B2 phase of the hydrogenated alloy.
